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Aims

Methods
and results

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a primary heart muscle disorder associated with sudden
cardiac death. Its pathophysiology is still poorly understood. We aimed to produce an in vitro cellular model of ARVC
using patient-specific induced pluripotent stem cell (iPSC)-derived cardiomyocytes and determine whether the
model could recapitulate key features of the disease phenotype.

Dermal fibroblasts were obtained from a 30-year-old man with a clinical diagnosis of ARVC, harbouring a plakophilin
2 (PKP2) gene mutation. Four stable iPSC lines were generated using retroviral reprogramming, and functional car-
diomyocytes were derived. Gene expression levels of desmosomal proteins (PKP2 and plakoglobin) in cardiomyo-
cytes from ARVC—iPSCs were significantly lower compared with cardiomyocytes from control iPSCs (P < 0.01);
there were no significant differences in the expression of desmoplakin, N-cadherin, and connexin 43 between the
two groups. Cardiomyocytes derived from ARVC—iPSCs exhibited markedly reduced immunofluorescence signals
when stained for PKP2 and plakoglobin, but similar levels of staining for desmoplakin, N-cadherin, and connexin
43 compared with control cardiomyocytes. Transmission electron microscopy showed that ARVC—iPSC cardiomyo-
cytes were larger and contained darker lipid droplets compared with control cardiomyocytes. After 2 weeks of cell
exposure to adiopgenic differentiation medium, ARVC—iPSC cardiomyocytes were found to contain a significantly
greater amount of lipid, calculated using Oil Red O staining, compared with controls (734 + 35.6 vs.
8.1 £+ 0.49 a.u,, respectively; n =7, P = 0.001).

Conclusion Patient-specific iPSC-derived cardiomyocytes display key features of ARVC, including reduced cell surface localization
of desmosomal proteins and a more adipogenic phenotype.
Keywords Induced pluripotent stem cells e Cardiomyocytes o Arrhythmogenic right ventricular cardiomyopathy
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Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an - findings may not be apparent in the early stages of the disease,
inherited primary heart muscle disorder associated with a high - during which patients may still be at risk of ventricular arrhythmias,
risk of ventricular arrhythmias and sudden cardiac death. The : leading to diagnostic difficulties and uncertainties. The genetic basis
classic histopathological hallmark is fibro-fatty infiltration of the : of ARVC is partially known, with ~40—-50% of cases harbouring
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mutations in genes coding for desmosomal proteins: desmoplakin,
plakoglobin, plakophilin 2 (PKP2), desmoglein 2 (DSG2), and des-
mocollin 2 (DSC2).2 Although animal models have provided
some useful insights into the pathogenesis of ARVC, significant
differences between the functional and electrophysiological
properties of animal and human hearts impose limits on the inter-
pretation and applicability of such data. In addition, the lack of good
in vitro sources of living human cardiomyocytes and the failure to
model patient-specific disease variations have markedly hindered
the study of this disease.

In recent years, several groups have successfully modelled a
number of inherited cardiac ion channel diseases, most notably dif-
ferent subtypes of long-QT syndrome, through the generation of
patient-specific induced pluripotent stem cell (iPSC)-derived
cardiomyocy‘ces.%5 The objective of the present study was to in-
vestigate the feasibility of producing an in vitro cellular model of
ARVC using patient-specific iPSC-derived cardiomyocytes, which
could recapitulate key features of the disease phenotype. We
hypothesized that iPSC-derived cardiomyocytes from ARVC
patients would exhibit altered desmosomal protein localization at
the intercalated discs and display a greater potential for adipocytic
change compared with control cells. Successful generation of such
a model would offer a unique platform to further our understand-
ing of the pathogenesis of the disease as well as to evaluate future
novel clinical applications in diagnosis and management.

Methods

Patient clinical details and genetic profile

The patient in this study was a 30-year-old Chinese man who had been
diagnosed with ARVC based on international task force criteria (one
major and two minor criteria). He was first referred for specialist
cardiac assessment at the age of 25 in view of his strong family
history of sudden cardiac death (his father and younger brother had
died suddenly at the ages of 43 and 23, respectively). His ECG at pres-
entation showed T-wave inversion in leads lll, aVF, and V1 to V3 with
normal QRS duration (Figure 7). Echocardiography showed a mildly

dilated right ventricle with normal left ventricular size and function.
Cardiac magnetic resonance scanning showed that the right ventricle
was dilated and thinned with regional akinesia and reduced ejection
fraction (41%); coronary angiography showed normal coronary arter-
ies. Although he was initially asymptomatic at presentation, he devel-
oped episodes of palpitations and pre-syncope during the follow-up.
Holter monitoring demonstrated frequent episodes of non-sustained
ventricular tachycardia. Therefore, an implantable cardioverter defibril-
lator was inserted. Genetic testing revealed a heterozygous mutation
in the PKP2 gene (c.1841T>C nucleotide change; Figure 2A); no
other abnormalities were detected in the other genes tested that
have been associated with ARVC (JUP, DSP, DSG2, DSC2, and
TMEM43).

Generation of induced pluripotent stem cells

A 5 mm skin punch biopsy was taken from the patient with ARVC and
a 32-year-old healthy male donor with no clinical history or manifesta-
tions of ARVC following informed consent. Skin dermis was manually
separated, minced, and plated onto a Petri dish with Dulbecco’s
modified eagle medium (DMEM, Invitrogen, USA) (see Supplementary
material online, Methods, for composition of all solutions used). Fibro-
blasts migrated out of the dermis tissue within 7 days and were subcul-
tured weekly. Retrovirus containing pMXs-SOX2, pMXs-OCT3/4,
pMXs-KLF4, and pMXs-C-MYC transgenes were packaged in HEK
GP-293 cells (Clontech, USA) via calcium phosphate (Invitrogen)-
mediated transfection. Colonies of iPSCs were picked after 3 weeks.
Induced pluripotent stem cells were maintained in human embryonic
stem cell (hESC) medium.

Induced pluripotent stem cell
characterization and cardiac differentiation

The pluripotency of the iPSCs was confirmed using immunofluores-
cence staining and measuring gene expression of human pluripotent
markers, performing DNA methylation assays and determining tel-
omerase activity. Induced pluripotent stem cells were differentiated
into cardiomyocytes through the formation of embryoid bodies
(EBs) which were manually dissected after 21 days and dissociated.
Al cardiomyocytes used in subsequent experiments were 4-5
weeks following cardiac differentiation to ensure that they shared

Figure | Twelve-lead electrocardiography of patient with arrhythmogenic right ventricular cardiomyopathy.
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Figure 2 Genetic profile of the arrhythmogenic right ventricular cardiomyopathy (ARVC) patient and generation of induced pluripotent stem
cells (iPSCs). (A) Schematic diagram showing the location of the plakophilin2 (PKP2) point mutation, resulting in an amino acid change from
leucine to proline in position 614. (B) Morphology of patient dermal fibroblasts (upper left) and established arrhythmogenic right ventricular
cardiomyopathy—induced pluripotent stem cell line at passage number 4, clone 1 (upper right). Immunofluorescence staining of Oct4, SSEA-4,
TRA-1-60, and TRA-1-81 in arrhythmogenic right ventricular cardiomyopathy—induced pluripotent stem cells. Positive staining of Oct4 (red)
was observed in cell nuclei, whereas positive staining of SSEA-4, TRA-1-60, and TRA-1-81 (green) were observed in the cell membrane. Cell
nuclei were counter-stained with 4',6-diamidino-2-phenylindole (DAPI, blue). Scale bars are 200 um for upper photomicrographs and 100 pm
for the immunofluorescence images. (C) Upper panel: polymerase chain reaction analysis of endogenous pluripotent genes in arrhythmogenic
right ventricular cardiomyopathy—induced pluripotent stem cells. H9 human embryonic stem cells were used as a positive control and RT (—)
was used as a negative control. Lower panel: polymerase chain reaction analysis for the expression of retroviral transgenes in arrhythmogenic
right ventricular cardiomyopathy—induced pluripotent stem cells. Genomic DNA and mRNA were extracted from arrhythmogenic right ven-
tricular cardiomyopathy—induced pluripotent stem cell clones 1 to 4, H9, and dermal fibroblasts (HDF). Retroviral transgenes of SOX2, OCT4,
C-MYC, and KLF4 were only detected in genomic DNA of arrhythmogenic right ventricular cardiomyopathy—induced pluripotent stem cells.

similar maturity (see Supplementary material online, Methods, for
more detail).

Characterization of induced pluripotent stem
cell-derived cardiomyocytes

Single-cell patch-clamp recordings

Whole-cell patch-clamp recordings were performed on dissociated
cardiomyocytes. Axopatch 200B, Digidata 1322, and pClamp10 (Mo-
lecular Devices, Sunnyvale, CA, USA) were used for data amplification,
acquisition, and analysis. Action potential (AP) measurements were
performed using the current clamp mode. The voltage-gated L-type
calcium current (ICal) was recorded in voltage-clamp mode using
test pulses varying between —40 and 450 mV from a holding poten-
tial of —40 mV.

Laser confocal Ca’* imaging for determining Ca**
transients

Calcium imaging using confocal fluorescent microscopy was conducted
on cardiomyocytes that were pre-loaded with 6 pg/mL Fluo-4 AM (Mo-
lecular Probes) for 15 min at 37°C and maintained in normal Tyrode so-
lution. Ca*" transients were recorded by an LSM-710 laser scanning
confocal microscope (Carl Zeiss, Germany) with a x40 oil immersion
objective and a numeric aperture of 1.3. Fluo-4 was excited at 488 nm
using a 25 mW argon laser (with intensity attenuated to 1%). Fluores-
cence emission was measured at >505 nm. Images were acquired in
the line (X-T)-scan mode with 512 pixels per line at a rate of 3 ms per
scan. The scan line was oriented along the longitudinal axis of the cell,
at pixel intervals of 0.15 wm. The axial resolution was set at 1.5 um
according to the manufacturer’s specifications. Ca>"
lysed using a computer program written in the IDL 5.4 software.

images were ana-
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Cardiac and desmosomal gene expression
profiling

The expression levels of desmosomal genes (plakoglobin, plakophilin2,
N-cadherin, connexin43, and desmoplakin), a-actinin, 3-myosin heavy
chain (B-MHC), and GAPDH were determined in cardiomyocytes
from ARVC—-iPSCs and control—iPSCs using real-time polymerase
chain reaction (PCR). The following measures were taken to
improve the accuracy of the desmosomal gene profiling by eliminating
the potential interfering of non-cardiomyocyte contamination: (i) total
RNA was isolated from contracting cell clumps manually dissected
from contracting EBs attached to cultural dish; (ii) expression levels
of desmosomal genes were normalized to B-MHC and o-actinin
levels. All primers and PCR conditions are shown in Supplementary
material online, Table S1.

Immunofluorescence assays for cardiac
contractile and desmosomal proteins

The identity and structural integrity of cardiomyocytes were deter-
mined by immunofluorescence staining for cardiac contractile proteins
B-MHC and a-actinin. The intracellular localization of desmosomal
proteins was determined by immunofluorescence with specific anti-
bodies against desmosomal proteins. The mouse monoclonal
antibodies used included anti-a-actinin (Sigma, USA), anti-3-MHC
and connexin 43 (Millipore, USA), anti-plakoglobin (Sigma, USA), anti-
plakophilin2, and N-cadherin; goat polyclonal antibody against desmo-
plakin (Santa Cruz, USA) was also used. All cardiomyocytes were
counter-stained with antibodies against 3-MHC and a-actinin to valid-
ate their cardiomyocyte identity and structural integration. The stained
beating EBs and monolayer cell cultures were subjected to
laser-scanning confocal microscopy (LSM710, Carl Zeiss) for recording
pictures. The immunofluorescence results from iPSC-derived cardio-
myocytes from the patient were compared with those of the
control subject.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed on 4—
5-week-old iPSC-derived cardiomyocytes from the patient and
control subject (see Supplementary material online, Methods, for
more detail). In each group of iPSC-derived cardiomyocytes, we
chose cells to visualize the nucleus/nucleolae, myofilaments, and
Z-bands. We also chose cells from control and patient-derived cardio-
myocytes in which the desomosomal structures were clearly visible at
the cell membranes. For semi-quantitative estimation of the number of
lipid droplets present in control and ARVC—iPSC-derived cardiomyo-
cytes, we counted the number of lipid droplets for six images (of the
same magnification) and obtained an average number of lipid droplets
per image.

Oil Red O staining and immunoperoxidase
staining of a-actinin

To determine whether cells derived from the patient with ARVC had a
greater adipogenic potential compared with control cells, we exposed
patient and control cells to an environment that has been shown to
induce stem cells into an adipocytic lineage.® Cardiomyocytes
derived from ARVC- and control—iPSCs were seeded onto gelatin-
coated dishes and incubated in adipogenic differentiation medium for
2 weeks as previously described.® The cell cultures were then fixed
in 4% paraformaldehyde for 10 min at 4°C. Anti-a-actinin antibody
(1:200, Sigma) was applied in 5% goat serum in PBS at room tempera-
ture for 45 min. Cells were washed with PBS three times and a

biotinylated secondary antibody (Santa Cruz) applied for 30 min.
The preparations were then incubated with avidin and biotinylated
horseradish peroxidase and finally with peroxidase substrate for
5 min. To detect the lipid droplets within cells, Oil Red O staining
was performed after immunoperoxidase staining. The cell cultures
were rinsed with 60% isopropanol and stained with freshly prepared
Oil Red O working solution for 15 min at room temperature. The
cell cultures were then rinsed with distilled water, counter-stained
with 4',6-diamidino-2-phenylindole (DAPI; Burlingame, CA, USA) and
mounted in aqueous mountant. Images were obtained using an
Olympus CKX41 inverted fluorescent microscope.

Statistical analyses

Numerical data are presented as mean + SEM. Comparisons between
groups were evaluated with Student’s t-test (two-tailed) using
Microsoft Office Excel Professional 2010; P < 0.05 was considered
significant.

Results

Patient-specific induced pluripotent stem
cells and derived cardiomyocytes

We generated four iPSC lines from dermal fibroblasts obtained
from the patient with ARVC, using retroviral reprogramming.
Colonies with well-defined hESC morphology were selected and
characterized (Figure 2 and Supplementary material online,
Figures S1-S3). Stable iPSC lines, clones 1 to 4, were obtained
and maintained for more than 30 passages. The iPSC lines after
four passages were used for subsequent studies. All these iPSCs
uniformly expressed the pluripotency markers OCT4, SSEA-4,
TRA-1-60, and TRA-1-81 as determined by immunofluorescence
staining (Figure 2B). All the iPSC lines showed reactivation of the
endogenous pluripotency-related genes CD9, DAPP2, DAPP4,
FGF4, REX1, UTF1, GDF3, and NODAL, with similar levels of ex-
pression seen in hESCs (Figure 2C), analysed by RT-PCR. As
expected, all the iPSC lines showed SOX-2, OCT-4, KLF-4, and
C-MYC retroviral transgenes integration in genomic DNA with ef-
ficiently silenced expression as confirmed by RT-PCR (Figure 2C).
In addition, all the iPSC lines showed demethylation of the
OCT-4 promoter (Supplementary material online, Figure ST) and
high levels of telomerase activity similar to that seen in hESCs
(Supplementary material online, Figure S2). The pluripotency of
the iPSCs produced was further confirmed upon injection of
cells into the kidney capsule of immunocompromised SCID
mice—all the iPSC lines generated teratomas, comprising struc-
tures and tissues derived from three embryonic germ layers,
including glandular structure, cartilage, and neuroepithelium
(Supplementary material online, Figure S3).

Electrophysiological characterization of
single-arrhythmogenic right ventricular
cardiomyopathy induced pluripotent
stem cell-derived cardiomyocytes

The majority of ARVC patient iPSC-derived cardiomyocytes
(>70%) exhibited a ventricular-like AP profile and the expected
response following exposure to the calcium channel antagonist, ni-
fedipine, and -agonist, isoproterenol (Figure 3A). Thus, both the
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Figure 3 Electrophysiological characterization of induced pluripotent stem cell (iPSC)-derived cardiomyocytes from the arrhythmogenic right
ventricular cardiomyopathy (ARVC)—induced pluripotent stem cells. (A) Action potential profile of a representative ventricular-like cell and its
response to 1 wM nifedipine and 0.1 wM isoproterenol (ISO). (B) Representative L-type calcium current trace and |-V curve under voltage-
clamp mode with a holding potential of —40 mV and test pulses from —40 to 450 mV. (C) Representative line-scan confocal calcium transients
recorded with Flor-4-loaded cardiomyocytes at baseline and in the presence of 0.1 wM nifedipine (left). A line-scan image following a 6 uM

caffeine puff is presented on the right.

rate of spontaneous cell contraction and contraction amplitude
were reduced in the presence of 1 wM nifedipine, whereas con-
traction rate was increased in the presence of 0.1 uM iso-
proterenol. Cardiomyocytes exhibited a peak ICal density of
—8.0 + 2.1 pA/pF (mean + SEM,
studies (Figure 3B) and characteristic Ca>* transients and responses
to caffeine application (Figure 3C).

n=4) from voltage-clamp

Quantification of desmosomal protein
gene expression in cardiomyocytes

The transcript expression levels of PKP2 and plakoglobin in cardio-
myocytes from ARVC—iPSCs were significantly lower compared
with cardiomyocytes from control iPSCs (P=0.008 and P =
0.001 for PKP2 and plakoglobin, respectively), although there
were no significant differences in the expression of desmoplakin,
N-cadherin, or connexin43 (P> 0.05) between ARVC and
control groups (Figure 4). Gene expression was normalized to
that of B-MHC and a-actinin (Figure 4A and B, respectively) to
avoid interference from residual non-cardiomyocytes. No signifi-
cant difference between the gene expression of 3-MHC and

a-actinin was observed between ARVC and control cardiomyo-
cytes (data not shown).

Immunofluorescence staining for
desmosomal proteins

The small clusters of contracting EBs in both groups showed posi-
tive staining for B-MHC and a-actinin, which is indicative of a
cardiomyocyte identification (Figure 5). Cardiomyocytes derived
from ARVC—iPSCs in EBs exhibited markedly reduced immuno-
fluorescence signals when stained for PKP2 and plakoglobin, but
similar levels of staining for desmoplakin, N-cadherin, and connexin
43 compared with control cardiomyocytes (Figure 5). To quantita-
tively compare desmosomal protein expression, monolayer cardi-
omyocytes were prepared from contracting cell clusters, and the
staining intensity of desmosomal and structural proteins was quan-
tified using the Image | software (http:/rsbweb.nih.gov/ij/docs/
examples/index.html). The results were compared between
ARVC and control cardiomyocytes. The immunofluorescence
staining performed in monolayer culture in both groups showed
similar staining intensity for cardiac sarcomeric marker a-actinin.
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Figure 4 Detection of desmosomal gene expression in cardiomyocytes derived from arrhythmogenic right ventricular cardiomyopathy
(ARVC)—induced pluripotent stem cells (iPSCs) and control—induced pluripotent stem cells. Real-time polymerase chain reaction was
adopted to detect the gene expression of plakophilin2, plakoglobin, desmoplakin, N-cadherin, connexin43, 3-myosin heavy chain (3-MHC),
and a-actinin genes in cardiomyocytes derived from arrhythmogenic right ventricular cardiomyopathy and control—induced pluripotent
stem cells. To exclude the interference of non-cardiomycytes, gene expression was normalized to that of B-myosin heavy chain and
a-actinin. The gene expression of plakophilin2 and plakoglobin in cardiomyocytes from arrhythmogenic right ventricular cardiomyopathy—
induced pluripotent stem cells was significantly lower than that of control—induced pluripotent stem cells (P < 0.01), although there were
no significant differences in the expression of desmoplakin, N-cadherin, and connexin43 (P > 0.05) between arrhythmogenic right ventricular
cardiomyopathy and control groups (n =5 for each protein; triplicate for each experiment).

The immunofluorescence staining signals of PKP2 and plakoglobin
were significantly reduced in the ARVC group, whereas the signals
of the other proteins tested did not differ significantly between
ARVC and control cells (Figure 6).

Ultrastructural analysis using
transmission electron microscopy

Transmission electron microscopy of iPSC-derived cardiomyo-
cytes from the control subject and patient with ARVC showed
the ultrastructural integrity of the cells with myofibrils and

Z-bands clearly visible (Figure 7A). The maximum cell width of
ARVC—iPSC-derived cardiomyocytes was significantly greater
than that of control cardiomyocytes (19.1 +1.0 vs. 123 +
0.5 wm; n=7, P <0.0001). In addition, the Z-bands in ARVC—
iPSC-derived cardiomyocytes appeared to be less organized,
being thicker and more pleopmorphic compared with the
Z-bands in control cells. In some images, desmosomes in
ARVC—iPSC-derived cardiomyocytes appeared to be less dense
in the cell peripheries compared with control cardiomyocytes
(Figure 7B). There were no significant differences in the absolute
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Figure 5 Immunofluorescence staining of desmosomal proteins in cardiomyocytes derived from arrhythmogenic right ventricular cardiomy-
opathy (ARVC)—induced pluripotent stem cells (iPSCs) and control—induced pluripotent stem cells. (A) Representative immunofluorescence
images of induced pluripotent stem cell-derived cardiomyocytes in embryoid body from the arrhythmogenic right ventricular cardiomyopathy
patient and control subject. The intercalated disc proteins of interest (plakophilin2, plakoglobin, desmoplakin, N-cadherin, and connexin 43) are
stained red, B-myosin heavy chain (B-MHC) stained green, and cell nuclei stained blue with 4',6-diamidino-2-phenylindole (DAPI). Scale
bars = 50 wm. (B) Representative immunofluorescence images of induced pluripotent stem cell-derived cardiomyocytes in monolayer
culture from the arrhythmogenic right ventricular cardiomyopathy patient and control subject. The intercalated disc proteins of interest are
stained red, a-actinin stained green, and cell nuclei stained blue with 4’,6-diamidino-2-phenylindole. Scale bar = 20 pum.

number of lipid droplets per image between ARVC and control
iPSC-derived cardiomyocytes on examination of six images in
each group (27.7 + 4.6 compared with 23.7 + 1.8, mean + SEM,
respectively; P= 0.43). However, there seemed to be some
visual differences in the morphology of the lipid droplets
between the two groups, with lipid droplets appearing darker in
patient-derived cardiomyocytes compared with control cells
(Figure 8B).

Oil Red O staining

A significantly greater proportion of cardiomyocytes from ARVC—
iPSCs stained positive (red colour) with Oil Red O compared with
control cells (31.7 + 1.48% vs. 10.34 + 0.56%, respectively; n =7,
P =0.002). Lipid droplets could be readily identified within the
cells at high magnification (x20) (Figure 9A). For cardiomyocytes
derived from ARVC- and control—iPSCs, the majority of cells
were stained positive (dark brown/blue) for a-actinin, with stria-
tions clearly identified. Interestingly, for Oil Red O staining,
dense positive staining (red) of lipid droplets could be seen in

ARVC—iPSC-derived cardiomyocytes, whereas only sparse

positive staining was observed within control-cardiomyocytes
(Figure 9B). Quantitative calculation of Oil Red O staining intensity
also showed a significantly greater intensity in ARVC—iPSC cardio-
myocytes compared with controls (734 + 35.6 vs. 8.1 + 0.49 a.u,,
respectively; n =7, P = 0.001).

Discussion

We have described for the first time the generation of iPSC-
derived cardiomyocytes from a patient with a clinical diagnosis of
ARVC and furthermore demonstrated significant phenotypic dif-
ferences between cardiomyocytes from ARVC—iPSCs compared
with control iPSCs. Cardiomyocytes from ARVC—iPSCs showed
reduced gene expression of PKP2 and plakoglobin and reduced im-
munofluorescence signals for these desmosomal proteins at the
cell periphery. Ultrastructural analyses of cardiomyocytes using
TEM confirmed the structural integrity of the iPSC-derived cardio-
mocytes and provided some visual evidence for baseline
differences in lipid droplets between ARVC—- and control—iPSC-
Furthermore, we found that

derived  cardiomyocytes.
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Figure 6 Quantitative calculation of immuofluorescence staining intensity of desmosomal proteins. The Image ] software was used to quan-
titatively analyse the staining intensity of desmosomal proteins. The staining intensity was compared between cardiomyocytes from arrhythmo-
genic right ventricular cardiomyopathy (ARVC)—induced pluripotent stem cells and control—induced pluripotent stem cells. The
immunofluorescence staining signals of plakophilin2 and plakoglobin were significantly reduced in the arrhythmogenic right ventricular cardio-
myopathy group, whereas the signals of other proteins were not significantly different between arrhythmogenic right ventricular cardiomyop-
athy and control cells. a.u., arbitrary units.

Control iPSC-CM ARVC iPSC-CM

Figure 7 Transmission electron micrographs of cardiomyocytes derived from arrhythmogenic right ventricular cardiomyopathy (ARVC)—
induced pluripotent stem cells (iPSCs) and control—induced pluripotent stem cells. (A) Representative images showing cardiomyocyte ultra-
structure. Myofibrils (my) are organized in distinct sarcomeric structures delineated by Z-bands (Z). Glycogen masses (gly) are visible in
the cytoplasm. N, nucleus. (B) Magnified view of cell membrane showing desmosomes (D) and junctional complexes.
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Control iPSC-CM

Figure 8 Transmission electron micrographs of induced pluripotent stem cell (iPSC)-derived cardiomyocytes showing lipid droplets in cell
cytoplasm. (A) Small lipid droplets (L) seen relative to nucleus (N) and nucleolus (Nu) in induced pluripotent stem cell-derived cardiomyocytes
from control subject (left) and patient with arrhythmogenic right ventricular cardiomyopathy (ARVC) (right). (B) Magnified view of cytoplasm
showing lipid droplets in more detail. Induced pluripotent stem cell-derived cardiomyocytes from the arrhythmogenic right ventricular cardio-
myopathy patient appeared to have darker lipid droplets compared with control cells.

cardiomyocytes from the patient with ARVC exhibited increased
potential for adipocytic change when exposed to adipogenic differ-
entiation medium for 2 weeks.

Correlation with clinical disease

Our findings of reduced desmosomal protein accumulation at the
cell periphery are in close agreement with immunohistochemical
results from human endomyocardial biopsy samples from ARVC
patients’ and open up the exciting possibility of using iPSC-derived
cardiomyocytes from patients with ARVC as a cellular model to
study the disease. We have also provided new data on the
disease in two key respects: (i) gene expression of desmosomal
proteins (specifically PKP2 and plakoglobin) was reduced in cardio-
myocytes from ARVC—iPSCs, which is a possible explanation for
the reduced immunofluorescence observed in the cells. In their
study of human endomyocardial biopsy samples from ARVC
patients, Asimaki et al.” did not specifically examine desmosomal
gene expression and postulated that the reduction in plakoglobin
signal levels at intercalated discs could be due to a redistribution
of the protein from junctional to intracellular or intranuclear
pools; (ii) we have provided evidence for increased adipogenic po-
tential in cardiomyocytes from ARVC—iPSCs compared with
control cells. This may underlie the predisposition to fibro-fatty
change in the myocardium of patients with ARVC. However, the
exposure of cells in vitro to an adipogenic differentiation medium

is quite artificial and may not truly represent the situation in
human disease in which fibro-fatty change of the myocardium
often takes years to develop and may be influenced by a wide
variety of endogenous and external factors. Clinical investigations
performed on our patient did not show much evidence for fibro-
fatty change and his predominant abnormality was electrical in-
stability. It is questionable whether all the complexities and
varying phenotypes of the disease, such as fibrofatty change and
increased arrhythmogenicity, can be fully modelled by studying car-
diomyocytes in isolation or from a single patient with a specific mu-
tation and mode of presentation. It would be interesting to study
other patients with ARVC with different mutations and clinical fea-
tures, such as a predominantly fibro-fatty change in the myocar-
dium, using this model. However, some clinical features of the
disease, such as its predisposition to affecting the right ventricle
and high pro-arrhythmic effects in some individuals (even before
structural features become apparent), cannot be easily addressed
using this model.

Comparison with other arrhythmogenic

right ventricular cardiomyopathy models
Previous studies investigating the pathophysiology of ARVC have
been hampered by the lack of good, genetically defined animal
models.  Arrhythmogenic right ventricular cardiomyopathy
appears to occur spontaneously in Boxer dogs and is associated
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Control iPSC-CM

ARVC iPSC-CM

Figure 9 Oil Red O staining images cardiomyocytes from arrhythmogenic right ventricular cardiomyopathy (ARVC)— and control— induced
pluripotent stem cells (iPSCs) after exposure to adipogenic differentiation medium for 2 weeks. (A) Images using Oil Red O staining only: a large
proportion of cardiomyocytes from arrhythmogenic right ventricular cardiomyopathy—induced pluripotent stem cells stained positive for lipid
droplets (dark red colour) within cells at high magnification (x 20), whereas only a few control cells stained positive for lipids. Scale bar: 50 pwm;
% 20 magnification. (B) Cardiomyocytes (dark brown/blue) stained using anti-a-actinin, with striations clearly visible. In arrhythmogenic right
ventricular cardiomyopathy—induced pluripotent stem cell-derived cardiomyocytes, Oil Red O staining revealed lipid droplets (red) within
cells, whereas only sparse positive staining for lipid was observed within control-cardiomyocytes. Nuclei are stained light blue with

4',6-diamidino-2-phenylindole (DAPI).

with ventricular arrhythmias and sudden cardiac death, although
the genetic basis of the disease in these animals is unknown.?
Murine models of ARVC involving specific mutations that result
in some of the histopathological features seen in the human
disease have been described and shed some light on disease
mechanisms.”'® However, such models are limited by fundamental
differences in cardiac electrophysiology between mice and humans
and the general applicability of findings to human disease. Data
from human endomyocardial biopsy samples taken from patients
with ARVC have provided important insights into the structural
changes that occur in the disease and relative distribution and
complex binding interactions of proteins at the intercalated
discs."” However, a limitation of this approach is that the cells
and tissue are not usually viable. Hence, only structural, rather
than functional, information can be obtained and mechanisms
that require the study of living cells to unravel, such as alterations
in cellular electrophysiology and cardiac ion channel function,
cannot be elucidated. The appeal of a patient-specific iPSC-
derived cellular model of ARVC, as we have described here, is
that living human cells harbouring the genetic mutation(s) can
be studied in vitro and used to provide both functional and struc-
tural data. In addition, patient-specific iPSCs, which harbour spe-
cific mutations, can be frozen and stored and potentially serve as
an unlimited source of cells for future research and therapeutic
applications.

PKP2 mutations and arrhythmogenic
right ventricular cardiomyopathy

The patient used in this study harboured a heterozygous PKP2 mu-
tation (c.1841T>C nucleotide change) which has not previously
been described. Other investigators have reported PKP2 mutations
in patients and families of western descent with ARVC, in which
the mutations demonstrate variable penetrance and phenotypic
expression of the disease.”””"* In a study of 56 index cases of
ARVC in a Dutch cohort fulfilling the published task force criteria,
van Tintelen et al.'* identified 14 different (11 novel) PKP2 muta-
tions in 24 subjects (43%). Similarly, Gerull et al.”® identified het-
erozygous mutations in PKP2 in 32 of 120 unrelated individuals
with ARVC and found incomplete penetrance in most carriers in
two kindreds. It is likely that our patient, being of Chinese ethnicity
and with a definite clinical diagnosis of ARVC according to task
force criteria, has a novel heterozygous PKP2 mutation which
may be related to the pathogenesis of ARVC (mutation analysis
for all the other genes known to be associated with ARVC were
negative). The clinical features of T-wave inversion in the right pre-
cordial leads and right ventricular abnormality on cardiac imaging in
our patient are similar to the clinical features described in ARVC
patients from Greece and Cyprus who also have PKP2 mutations."®
However, it is not established whether the particular PKP2 muta-
tion observed in our patient is causally related to ARVC (our
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patient has no other living first-degree relatives for which we could
obtain DNA). The mutation has therefore been classified as unclas-
sified variant type 3 (UV3), i.e. likely pathogenic but not confirmed.

It is interesting that in our model, plakoglobin gene expression
levels for plakoglobin were also
reduced, even though our patient did not have any of the known
plakoglobin mutations when tested for them. PKP2 and plakoglobin
are armadillo proteins located at the outer dense plaque of desmo-
somes, which are intricately co-related and share mutual molecular
interations.””'® It is possible that reduced PKP2 levels can also
result in reduced co-localization of plakoglobin, even though the
patient may not have a mutation of the plakoglobin gene. In add-
ition, loss of plakoglobin at the intercalated disc may be a final
common pathway for ARVC and has been observed in patients
with desmosomal mutations other than plakoglobin mutations.'”*

and immunofluorescence

Study limitations

A number of limitations exist with our in vitro cellular model, which
should be recognized. First, it is likely that important cell—cell
interactions also exist and that cells other than cardiomyocytes
may be relevant to the pathogenesis of ARVC; both of these
factors cannot be modelled simply using a cellular platform. Our
model could potentially be modified to study cell—cell interactions
by incorporating the cardiomyocytes into cardiac cell sheets, which
have been shown to beat spontaneously and synchronously with
murine embryonic stem cell-derived cardiomyocytes.21 Another
limitation includes the difficulty of modelling a predominantly
adult-onset disease using iPSC-derived cardiomyocytes, which
still possess some foetal-like characteristics. Further in vitro manipu-
lation of iPSC-derived cardiomyocytes to generate cells with a
more mature phenotype may be required in order to successfully
model other aspects of the disease. This may involve measures
such as manipulation of the Wnt/B-catenin signalling pathway.”*>®

Conclusions

We have demonstrated that iPSC-derived cardiomyocytes gener-
ated from a patient with ARVC display some of the key features
of the disease, namely reduced cell surface localization of desmo-
somal proteins and a more adipogenic phenotype. These patient-
specific cells may therefore be a useful addition to the current
tools available to study this complex disease. Further mechanistic
studies using iPSC-derived cardiomyocytes generated from other
patients with ARVC, including those harbouring other desmosomal
protein mutations, are required to determine the true potential of
this approach in shedding additional insights into this disease.

Supplementary material

Supplementary material is available at European Heart Journal
online.
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Arterial elongation and tortuosity leads to detection of a de novo TGFBR2
mutation in a young patient with complex aortic pathology

Koen M. van de Luijtgaarden', Frederico Bastos Gongalves'2, Danielle Majoor-Krakauer?,
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In a 47-year-old muscular-build male admit-
ted with acute abdominal pain imaging
revealed a Stanford type-B aortic dissection
associated with a pre-existing large aorto-
iliac aneurysm (Panels A and B) and marked
iliac-artery elongation and tortuosity (Panels
C and D, arrows). The patient underwent
uneventful elective open repair of the aorto-
iliac aneurysm. The marked aortic elongation
and tortuosity at a young age in this patient
prompted referral for genetic counselling after
surgery. No characteristic facial or musculo-
skeletal signs of Loeys-Dietz or Marfan syn-
drome were present and there was no
family history of vascular disease. Neverthe-
less, DNA analysis showed a ‘de-novo’
TGFBR2 mutation.

Arterial elongation and tortuosity is a main
feature in patients with characteristic facial
and musculoskeletal appearance of the TGF-3
pathway-related genetic aneurysm syndromes.
Therefore, our observation expands the pheno-
typic spectrum of TGF-3 pathway-related path-
ology to patients with severe abdominal and
iliacal arterial disease without major dysmor-

phological characteristics.

We demonstrate the importance of genetic testing in younger patients presenting with complex aortic pathology with marked ar-
terial elongation and tortuosity, even in the absence of characteristic phenotypic features of a genetic aneurysm syndrome or a family
history of aortic aneurysms. Correct genetic diagnosis of TGFBR2-related aortic pathology is important for clinical management of the
patients and for genetic counselling of the family. Since TGFBR2-linked genetic aneurysms have an autosomal dominant inheritance,
relatives at risk should be offered genetic counselling and pre-symptomatic testing for TGFBR2 mutations. In this way, carriers of
the TGFBR2 mutation can benefit from screening and timely intervention.
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